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ABSTRACT  
Temperature-dependent viscosity effects in buoyancy driven flow in a porous-
saturated enclosure is studied numerically, based on the general model of momentum 
transfer in a porous medium. The exponential form of the viscosity-temperature 
relation is applied. Both cases of viscosity increase and decrease versus temperature 
are considered. Application of the effective Rayleigh number concept and the 
reference temperature approach are investigated. Use of heatlines and the energy flux 
vectors are illustrated for a more comprehensive analysis of the problem.  
 
1. Introduction  
Natural convection in a differentially heated cavity occupied by a fluid-saturated 
porous medium has attracted attention due to its relevance to applications such as 
groundwater hydrology, petroleum reservoirs, human respiration, coal combustors, 
nuclear waste repositories and thermal performance of solar collectors. Heat and fluid 
flow in such cavities have been studied extensively for the past several decades (for a 
recent survey of literature see Nield and Bejan (2007), Vafai (2005), and Bejan et al. 
(2004), etc.). 
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Natural convection is usually associated with a change in the fluid density as a 
result of a change in the fluid temperature. This raises the question that if the 
temperature difference is high enough to cause a change in the density how accurate it 
is to assume a constant value for the fluid viscosity. This issue has been the subject of 
many studies in the past three decades (e.g., Nield and Bejan (2007) or Hooman and 
Gurgenci (2008-a)).  
A quick review shows two alternative answers. Some authors concluded that 
considering the effect of temperature-dependent viscosity variation should lead to 
significant changes in the velocity and temperature distributions, and consequently 
Nu, see for example recent work by Guo and Zhao (2005). On the other hand, others 
recommended the use of constant-property solutions with a suitable mean value for 
the fluid viscosity. Chu and Hickox (1990) reported that even extreme viscosity 
variations will not have significant effects on the overall heat transfer coefficient 
provided the properties be evaluated at the arithmetic mean temperature and a 
viscosity ratio be applied. This conclusion is in line with what reported for free 
convection of air in a square enclosure by Zhong et al. (1985). Siebers et al. (1985) 
had a similar conclusion for laminar natural convection of air along a vertical plate. 
The drawback of the above suggestion has been outlined by Guo and Zhao (2005) 
where the fluid properties were evaluated at the arithmetic mean temperature (being 
mean value of hot and cold wall temperature) and still the results showed significant 
deviations from the constant property counterparts. For example, with Da=10-4 and 
Ra=10, Nu changed about 75% compared to the constant property case (at the same 
Ra and Da).  
Nield (1994) and (1996) introduced the concept of the effective Rayleigh number 
based on the mean values of the physical properties. According to Nield, if the fluid 
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viscosity is evaluated at the harmonic mean value, the critical Rayleigh number would 
be unaltered so that viscosity variation would not destabilize the problem. He also 
showed that when viscosity variation lied within one order of magnitude, the concept 
of the effective Rayleigh number was useful in determining the onset of convection. 
This probably would not hold with severe property variations due to the possibility of 
localized flow in a part of flow region.  
Thus, more investigation on free convection of a variable viscosity fluid is 
called for. Applying the general model of Vafai and Tien (1981), revisited by Hsu and 
Cheng (1990), this paper aims at numerical analysis of this problem. The present 
work also presents a possibility to see the energy flow in the cavity. For this purpose, 
we have applied the concept of heatlines as introduced by Bejan (1984). Based on 
present results, application of the energy flux vectors has been found to be a viable 
option to see the heat flow. These vectors are similar to the velocity vectors in being 
tangent to heatlines while the velocity vectors are tangent to the streamlines. A similar 
attempt was made by Mukhopadhyay et al. (2003) where the authors have shown that 
enthalpy flux vectors are tangential to enthalpy lines. Previous work on the effects of 
property variation on convection heat transfer, in the case of fluids clear of solid 
material, has been surveyed in Kakaç (1987).  
 
2. Modeling 
Free convection of a fluid with variable viscosity in a square enclosure filled 
with homogeneous, saturated, isotropic porous medium with the Oberbeck–
Boussinesq approximation for the density variation in the buoyancy term is 
considered, as shown in Fig. 1.  
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Several models (e.g. linear, inverse-linear, power law,…) have been used in 
the literature to account for the temperature-dependent viscosity variation. Both 
increase or decrease of viscosity with temperature are assumed based on the following 
exponential variation in kinematic viscosity ratio, which provides a good 
representation for most common fluids as reported by (Nakamura (1979) and Harms 
et al. (1998)} 
( )exp
C
bνη θ
ν
= = ,         (1) 
where the viscosity variation number, b, is positive/negative in case of a gas/liquid, 
whose viscosity increases/decreases with an increase in temperature, and is assumed 
to vary from -2 to 2.  Noting the use of the dimensionless temperature in Eq. (1), it is 
to see that the value of b reflects the variation of the viscosity over the temperature 
range, (TH − TC).  This may be quite large for some engineering fluids.  For example, 
the viscosity of glycerine decreases by a factor of 150, according to Zlokarnik (2002), 
as the temperature is increased from 0 to 100oC, corresponding to a value b = -5. 
The cold wall condition is assumed as our reference state so that νC is the kinematic 
viscosity measured at TC. In line with this choice, our dimensionless temperature is 
defined as θ = (T − TC)/(TH − TC) following the recommendation by Bejan (2004) to 
select the lowest temperature of the system as the reference temperature for heatline 
visualization. One may also note that the Taylor series expansion (for b<<1) leads to 
linear or inverse linear relation (similar to what applied by Nield et al. (1999), 
Hooman (2006), Hooman and Gurgenci (2007-a) and Nield and Kuznetsov (2003)) as 
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Defining the dimensionless streamfunction as  
.
,
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                                         (3a,b) 
the continuity equation will be satisfied identically. Taking the curl of x*- and y*-
momentum equations and eliminating the pressure terms, results in  
( )( )2 2. Pr bc wu s e U Sθω ω ω ω∇ = ∇ − − Λ +       (4) 
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Here we prefer to work in terms of the porous medium shape parameter, s, which is 
related to the Darcy number as s=Da-1/2.  
Using this definition, one defines Rayleigh-Darcy number, or simply Ra in our work 
(hereafter), as Ra = Raf/s2. The vorticity directed in z direction is defined as  
ψω 2−∇= .          (6) 
The thermal energy equation now takes the following form 
2
.u θ θ∇ = ∇ .          (7) 
The average Nusselt number is defined as  
∫ ∂
∂
=
1
0
.
),0( dy
x
yNu θ          (8) 
Following Bejan (1984), the heatfunction concept is applied here. Heatfunction, is 
similar to streamfunction in such a way that the former intrinsically satisfies the 
thermal energy equation while the latter plays the same role for mass continuity 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
equation. For this problem, and in non-dimensional form, the heatfunction is defined 
as 
,
.
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y x
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− = −
∂ ∂
               (9a,b) 
Equations (9a,b) can be combined to form a Poison equation as 
x
v
y
uH
∂
∂
+
∂
∂
=∇ )()(2 θθ                (10) 
The problem is now to solve Eqs. (1-10) subject to the boundary conditions shown in 
Fig. 1.  
 
3. Numerical Details  
Numerical solutions for the governing equations are obtained by finite difference 
method, using the Gauss-Seidel technique with SOR. The governing equations are 
discretized by applying the second-order accurate central difference schemes. For the 
numerical integration, algorithms based on the trapezoidal rule are employed. Details 
of the vorticity-streamfunction method, heatfunction, and applied boundary conditions 
may be found elsewhere (e.g., Bejan (1984), Hooman and Gurgenci (2007-b), 
Hooman and Gurgenci (2008-b)) and are not repeated here. Our modified Prandtl 
number, Prc, and the inertia coefficient, CF, were fixed at unity. All runs were 
performed on a 90 x 90 grid. Grid independence was verified by running different 
combinations of s, Raf, and b on a 120 x 120 grid to observe that, given a set of 
parameters, the change in our results is less than 1%. The convergence criterion 
(maximum relative error in the values of the dependent variables between two 
successive iterations) in all runs was set at 10-5. The accuracy of our solver was 
previously verified in an earlier work; Hooman et al. (2007).  
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4. Results and Discussion  
Fig. 2 is illustrating the effect of changing viscosity on ψmax. A higher ψmax value 
obviously indicates stronger convection. The deviation from constant property 
solutions is less than 60% while -1<b<1. It is clear that, with a fixed s value, for 
smaller values of Ra the change in ψmax ratio is more pronounced while for higher 
values of Ra these changes become smaller. Interestingly, with an increase in s 
changes in ψmax become more pronounced, i.e. the destabilizing effect of viscosity 
variation is higher in lower permeability. 
Fig. 3 shows the effects of b and Ra on heatline distributions for two values of s, 10 
and 100. Horizontal heatlines imply conduction-dominated heat transfer. A heatline 
distribution of H(x,y)=y through the flow region would indicate pure conduction heat 
transfer with the amount of upward deflection representing convective heat flow 
strength (Bejan (1984) interprets this as ‘heat rises’). It is clear that the flow is more 
stable and conduction is dominant at positive values of b. One also notes that as b 
decreases the heatline distribution become denser near the top wall and the range of 
iso-H values becomes wider implying higher heat transfer rate. 
One way to see the energy flow is to see the tangential vector paths. Figs. 4a-c show 
the energy flux vector plots that are tangent to the heatlines. These vectors give us 
higher resolution as they show the most important energy ports. It is easy to show that 
tangents (to heatlines) are normal to the gradient of the heatlines and may be tracked 
as  
jQiQQ yx
rrr
+=                       (11a) 
where 
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One notes that in this way one does not need to solve a Poisson equation, like Eq. 
(10c), in most cases by iterative methods, to see the energy flow path. At least in view 
of computational effort, these energy flux vectors are more efficient than the 
heatfunctions. Figure 3-a shows the energy flux vectors along with the heatlines 
throughout the flow region while Figs. 3-b and 3-c show the inflow and outflow of 
energy by the these vectors, respectively. Based on Fig. 3-b, the heat transfer rate to 
the cavity is higher in the bottom half of the cavity height while the outflow of energy 
is higher in the lower part which could be explained by simply recalling that heat rises.  
The details can be explained as follows. At the bottom of the cavity the temperature is 
lower than the top and this will enhance the conduction wall heat flux (which is the 
dominant heat transfer mechanism in the near-wall region for small fluid velocity in 
the vicinity of the walls) at the heated wall. A similar analysis may be applied to 
explain the reason for higher heat transfer rate in the upper half of the cavity height at 
the cooled wall (top left corner of the enclosure).  
It is also worth commenting that, similar to the heatlines, the energy flux vectors are 
normal/parallel to vertical/horizontal walls, as expected. They point out the true total 
(convection+conduction) heat transfer directions.   
Calculating Ra at the cold wall temperature, the apparent destabilizing effect of 
decreasing b was observed in Figs. 2-3. It is instructive to see what happens when an 
average Rayleigh number is used. Examining the effective Rayleigh number theory of 
{Nield, 1994}, that recommends using harmonic average for the fluid viscosity, our 
effective Rayleigh number reads  
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2/)( HCeff RaRaRa += .                    (12) 
The subscripts ‘C’ and ‘H’ are applied to show that cold (left) and hot (right) wall 
temperatures are applied to evaluate the viscosity. One notes that RaC = Ra and that  
)exp( bRaRaH −= .                     (13) 
Eqs. (12-13) will lead to the following effective Rayleigh number 
2/))exp(1( bRaRaeff −+= .                    (14) 
Table 1 shows a sample of the above effective Rayleigh number for Ra = 100 with b = 
±1 where s is allowed to change from s = 10 to s = 100. Also available in this table is 
Nu/Nucp calculated in two ways. The first method is the application of the effective 
Rayleigh number with b = 0. Nu is then divided by Nucp with a different Rayleigh 
number (being Ra = RaC). The second approach (which was taken so far) is dividing 
Nu (for a case with non-zero value of b) by Nucp; this time at the same Ra. One 
verifies that the highest error entering the Nu calculation, by applying Raeff, is less 
than 14%. 
Table 2 is presented to show the effects of severe viscosity variation on Nu with two 
Ra values when s = 100. The results based on Raeff are dramatically different from the 
numerical results hinting that this method will not work very well in this case when b 
= ±2.  
To examine the arithmetic mean viscosity, one can apply the viscosity-temperature 
relation, to see that the ratio of Raeff/Raam is 
1 exp( )
2exp( / 2)
eff
am
Ra b
Ra b
+ −
=
−
,                     (15) 
where Raam is the Rayleigh number with the viscosity being evaluated at the 
arithmetic mean temperature, i.e. θ=0.5. For small values of b, Ra ratio is near unity 
and this can be easily verified by a Taylor series expansion. However, with higher b 
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values the ratio differs substantially from unity. For example, with b = 2, Ra ratio 
becomes 1.543 which leads to nearly 30% change in the associate Nu when the Darcy 
model correlation proposed by Lauriat and Prasad (1987) is applied. Noting that 
applying Raeff can lead to as much as 50% error in some cases, one realizes that 
neither the arithmetic nor the harmonic average can lead to accurate results when the 
viscosity varies with temperature severely.  
Mainly for this reason Table 3 presents a new definition Raave which assumes 
evaluating the fluid viscosity at a reference temperature so that one can still use the 
constant property results. Based on our numerical results, it is reasonable to expect 
this reference temperature to change with s. This reference temperature is found as  
3
2
0.45( )        s 10 ,
0.4 ( )        10 ,
0.32( )       10.
ref C H C
ref C H C
ref C H C
T T T T for
T T T T for s
T T T T for s
= + − =
= + − =
= + − =
          (16) 
leading to  
3
2
exp( 0.45 )          10 ,
exp( 0.4 )           10 ,
exp( 0.32 )        10.
ave C
ave C
ave C
Ra Ra b for s
Ra Ra b for s
Ra Ra b for s
= − =
= − =
= − =
               (17) 
A sample of the results based on the above correlation is presented in Table 3 and is 
found to be more accurate compared to Raeff approach. Observing the numerical 
results, we simply propose a rough estimation for the dependence of the reference 
temperature on s as follows 
 
0.30.5(1 0.848 )( )    ref C H CT T s T T−= + − −           (18) 
that leads to  
0.3exp( 0.5 (1 0.848 ))ave CRa Ra b s−= − −           (19) 
Note that these last two equations are valid for 10<s<1000 while as s→∞, i.e. for the 
Darcy flow model, based on the above correlation, the average Rayleigh number tends 
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to Raeff. Another point worthy of comment is that our results are limited within a 
range of s being those relevant to clear fluid (s→0) and Darcy flow model (s→∞). For 
these two cases the reference temperatures are Tref= TC+0.5(TH-TC) and Tref= 
TC+0.25(TH-TC) with the former being recommended indirectly by Nield (1994) (for 
small values of b) for the Darcy-Bénard problem and the latter proposed by Zhong et 
al. (1985) for the clear fluid natural convection. The dependence of Tref and Raave on s 
is expected as each s is associated with a unique convection pattern. 
 
5. Conclusion  
Numerical simulation of natural convection in a laterally heated porous-saturated 
square enclosure is presented based on the general momentum equation. The 
reference temperature approach is undertaken to account for viscosity variation. It is 
found that the reference temperature, at which the fluid properties should be evaluated, 
is a decreasing function of the porous media shape parameter and is approximately 
independent of the other parameters considered here. Applying this reference 
temperature, one can still use the constant property results. This will reduce the 
computational time and expense required for solving a variable property problem. In 
addition to the application of the heatlines, the energy flux vectors were introduced to 
improve the salver’s ability to see the energy flow especially at the walls. Besides, 
application of these vectors reduces the time and the computer resources required to 
see the heatlines. Such software as Tecplot can be used to do the ‘Streamtrace 
Placement’ that is, in this case, heatlines, on the energy flux vectors. In view of the 
above, it seems that application of the energy flux vectors gives us heatline 
distribution without the need to go through an excessive numerical calculation.  
 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
Acknowledgements  
The first author, the scholarship holder, acknowledges the support provided by The 
University of Queensland in terms of UQILAS, Endeavor IPRS, and School 
Scholarship. 
 
References  
 
Bejan, A. (1984). Convection heat transfer. Hoboken, N.J. , Wiley. 
  
Bejan, A. (2004). Convection heat transfer Hoboken, N.J., Wiley. 
  
Bejan, A., I. Dincer, et al. (2004). Porous and complex flow structures in modern 
technologies New York, Springer. 
  
Chu, T. Y. and C. E. Hickox (1990). "Thermal-Convection with Large Viscosity 
Variation in an Enclosure with Localized Heating." Journal of Heat Transfer-
Transactions of the ASME 112(2): 388-395. 
  
Guo, Z. L. and T. S. Zhao (2005). "Lattice Boltzmann simulation of natural 
convection with temperature-dependent viscosity in a porous cavity." Progress in 
Computational Fluid Dynamics 5(1-2): 110-117. 
  
Harms, T. M., M. A. Jog, et al. (1998). "Effects of temperature-dependent viscosity 
variations and boundary conditions on fully developed laminar forced convection in a 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
semicircular duct." Journal of Heat Transfer-Transactions of the ASME 120(3): 600-
605. 
  
Hooman, K. (2006). "Entropy-energy analysis of forced convection in a porous-
saturated circular tube considering temperature-dependent viscosity effects." 
International Journal of Exergy 3(4): 436–451. 
 
Hooman, K. and H. Gurgenci (2007-a). "Effects of temperature-dependent viscosity 
variation on entropy generation, heat, and fluid flow through a porous-saturated duct of 
rectangular cross-section." Applied Mathematics and Mechanics (English Edition) 28(1), 
69-78. 
 
Hooman, K. and H. Gurgenci (2007-b). "Effects of viscous dissipation and boundary 
conditions on forced convection in a channel occupied by a saturated porous 
medium." Transport in Porous Media 68(3): 301-319. 
 
Hooman, K. and H. Gurgenci (2008-a). "Effects of temperature dependent viscosity 
on Bénard convection in a porous medium using a non-Darcy model." International 
Journal of Heat and Mass Transfer, in press. 
  
Hooman, K. and H. Gurgenci (2008-b). " Heatline visualization of natural convection in a 
porous cavity occupied by a fluid with temperature-dependent viscosity." Journal of Heat 
Transfer-Transactions of the ASME, in press. 
 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
Hooman, K., H. Gurgenci, Dincer, I. (2007). Heatline visualization of natural 
convection in a porous cavity occupied by a fluid with temperature-dependent 
viscosity. Second International Conference on Porous Media and its Applications in 
Science, Engineering and Industry, Kauai, Hawaii  
  
Hsu, C. T. and P. Cheng (1990). "Thermal Dispersion in a Porous-Medium." 
International Journal of Heat and Mass Transfer 33(8): 1587-1597. 
  
Kakaç, S. (1987). The effect of temperature-dependent fluid properties on convective 
heat transfer. Hnadbook of Single-phase Convective Heat Transfer S. Kakaç, R. K. 
Shah and W. Aung. New York, Wiley: 18-8. 
  
Lauriat, G. and V. Prasad (1987). "Natural-Convection in a Vertical Porous Cavity - a 
Numerical Study for Brinkman-Extended Darcy Formulation." Journal of Heat 
Transfer-Transactions of the ASME 109(3): 688-696. 
  
Mukhopadhyay, A., X. Qin, et al. (2003). "Visualization of scalar transport in 
nonreacting and reacting jets through a unified "heatline" and "massline" 
formulation." Numerical Heat Transfer Part a-Applications 44(7): 683-704. 
  
Nakamura, H., A. Matsuura, et al. (1979). "Effect of Variable Viscosity on Laminar-
Flow and Heat-Transfer in Rectangular Ducts." Journal of Chemical Engineering of 
Japan 12(1): 14-18. 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
Nield, D. A. (1994). "Estimation of an Effective Rayleigh Number for Convection in 
a Vertically Inhomogeneous Porous-Medium or Clear Fluid." International Journal of 
Heat and Fluid Flow 15(4): 337-340. 
  
Nield, D. A. (1996). "The effect of temperature-dependent viscosity on the onset of 
convection in a saturated porous medium." Journal of Heat Transfer-Transactions of 
the Asme 118(3): 803-805. 
  
Nield, D. A. and A. Bejan (2006). Convection in porous media New York, Springer-
Verlag. 
  
Nield, D. A. and A. V. Kuznetsov (2003). "Effects of temperature-dependent viscosity 
in forced convection in a porous medium: Layered-medium analysis." Journal of 
Porous Media 6(3): 213-222. 
  
Nield, D. A., D. C. Porneala, et al. (1999). "A theoretical study, with experimental 
verification, of the temperature-dependent viscosity effect on the forced convection 
through a porous medium channel." Journal of Heat Transfer-Transactions of the 
Asme 121(2): 500-503. 
  
Siebers, D. L., R. F. Moffatt, et al. (1985). "Experimental, Variable Properties 
Natural-Convection from a Large, Vertical, Flat Surface." Journal of Heat Transfer-
Transactions of the Asme 107(1): 124-132. 
  
Vafai, K., Ed. (2005). Handbook of porous media Boca Raton, Taylor & Francis. 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
  
Vafai, K. and C. L. Tien (1981). "Boundary and Inertia Effects on Flow and Heat-
Transfer in Porous-Media." International Journal of Heat and Mass Transfer 24(2): 
195-203. 
  
Zhong, Z. Y., K. T. Yang, et al. (1985). "Variable Property Effects in Laminar 
Natural-Convection in a Square Enclosure." Journal of Heat Transfer-Transactions of 
the Asme 107(1): 133-138. 
  
Zlokarnik, M. (2002). Scale-up in Chemical Engineering, Wiley. 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
Table 1 Calculation of Raeff and Nu with Ra=100 and b=±1 
s b Raeff Nu/Nucp 
Estimated Numerical 
10 -1 185.9 1.243 1.122 
1 68.39 0.883 0.875 
100 -1 185.9 1.403 1.235 
1 68.39 0.809 0.773 
 
 
Table 2 Calculation of Raeff and Nu with s=100 and b=±2 
Ra b Raeff 
Nu/Nucp estimation based 
on 
Raeff Numerical 
10 
-2 41.94 1.552  1.236 
2 5.677 0.959  0.946 
102 
-2 419.4 2.101  1.421 
2 56.76 0.733 0.603 
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Table 3 Application of the reference temperature approach for some values of s, Ra, 
and b. 
S Ra b Raave Nu* Nu eNu% 
10 
10 
-2 18.96 1.091 1.079 1.11 
-1 13.77 1.065 1.051 1.33 
1 7.26 1.051 1.025 2.54 
2 5.27 1.045 1.02 2.45 
102 
-2 189.65 1.951 1.886 3.45 
-1 137.71 1.734 1.732 0.12 
1 72.61 1.357 1.351 0.44 
2 52.73 1.215 1.195 1.67 
103 
-2 1896.48 4.407 4.13 6.7 
-1 1377.13 3.956 3.877 2.04 
1 726.15 3.169 3.144 0.79 
2 527.29 2.825 2.713 4.13 
102 
10 
-2 22.25 1.26 1.336 5.69 
-1 14.92 1.137 1.171 2.9 
1 6.7 1.059 1.041 1.73 
2 4.49 1.039 1.023 1.56 
102 
-2 222.55 4.123 3.807 8.3 
-1 149.18 3.343 3.309 1.03 
1 67.03 2.157 2.071 4.15 
2 44.93 1.725 1.616 6.75 
103 
-2 2225.5 11.175 9.715 15.03 
-1 1491.8 9.615 9.022 6.57 
1 670.3 6.946 7.058 1.58 
2 449.3 5.815 5.73 1.48 
103 
10 
-2 24.6 1.329 1.425 6.74 
-1 15.68 1.218 1.176 3.57 
1 6.376 1.075 1.072 0.28 
2 4.06 1.049 1.047 0.19 
102 
-2 245.96 5.521 5.4 2.24 
-1 156.83 4.139 4.194 1.31 
1 63.76 2.301 2.238 2.82 
2 40.65 1.742 1.701 2.41 
103 
-2 2459.6 18.001 15.99 12.58 
-1 1568.3 14.878 14.157 5.09 
1 637.6 9.645 9.548 1.02 
2 406.56 7.488 7.133 4.98 
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Fig.1 Dimensionless description of the problem under consideration. 
 
 
 
 
 
 
 
 
 
 
 
y,v 
x,u 
0H
x
ψ θ∂ = = =
∂
 
0,
1
H
x
ψ
θ
∂
= =
∂
=
 
0, H Nu
y
θψ ∂= = =
∂
 
0H
y
θψ ∂= = =
∂
 
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
 
Fig. 2 Effects of different parameters on ψmax divided by those of constant property. 
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(b) s=10, Ra=1000 (Raf=105) 
 
 
(c) s=100, Ra=10 (Raf=105) 
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(d) s=100, Ra=1000 (Raf=107) 
Fig. 3 Heatlines for different Ra values with s=10 (a,b) and s=100 (c,d). 
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(b) 
 
(c) 
Fig. 4 Heatlines and energy flux vectors a) for the whole cavity and near the b) heated 
c) cooled wall (s=Ra=10). 
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Nomenclature  
b viscosity variation number   
CF inertia coefficient 
Da Darcy number, Da=K/L2 
g gravitational acceleration, [m/s2] 
H dimensionless heatfunction  
i,j unit vectors in x,y direction  
k porous medium thermal conductivity, [W/(m.K)] 
K permeability, [m2] 
L cavity height, [m] 
Nu Nusselt number 
Prc modified Prandtl number, Prc=ε νc/ α  
q" heat flux, [W/m2] 
Raf Rayleigh number, Raf =gβ(TH-TC)L3/(νcα)  
Ra Rayleigh-Darcy number, Ra=Raf/s2. 
s porous media shape parameter, s=Da-1/2 
Sω source term for vorticity transport equation  
T* temperature, [K] 
u*,v* x*,y*-velocity, [m/s] 
u,v u*L/α , v*L/α 
U  dimensionless mean velocity (u2+v2)1/2 
(x*,y*) horizontal and vertical coordinates, [m] 
(x,y) dimensionless coordinates (x*,y*)/L 
Greek symbols 
α  thermal diffiusivity of the porous medium, [m2/s]  
Kamel Hooman et al.; Journal of Porous Media 12 (2009) 265-275  
 
β thermal expansion coefficient, [1/K] 
Λ inertial parameter Λ=CFLε2/(PrcK1/2)  
η kinematic viscosity ratio 
θ dimensionless temperature (T-Tc)/ ∆T 
µ fluid viscosity, [Kg/(m.s)] 
ν kinematic viscosity, [m2/s] 
ρ fluid density, [Kg/m3] 
ψ dimensionless streamfunction  
ε porosity  
ω dimensionless vorticity 
subscript 
am  arithmetic mean 
ave  average 
C of cold wall 
cp  constant property 
eff effective 
H of hot wall 
 
 
